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Abstract 
When subjected to a temperature increase surpassing the maximum growth temperature (Tmax) Escherichia coli 
K12 MG1655 populations react heterogeneously, i.e. a sensitive and a resistant population seem to exist. The 
influence of heat stress adaptation on the model parameters of a heterogeneous model is quantified. In the conditions 
under study, the growth rate of the resistant population was affected only at the higher temperatures. For the sensitive 
subpopulation, Tmax,S, as described by the CTMI model, seemed to be influenced, with an increasing maximum 
growth temperature at a higher heating rate.  
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1. Introduction 
In predictive microbiology, mathematical models are constructed, based on experimental data and 
microbial knowledge, to enable the prediction of microbial growth and inactivation [1, 2], given certain 
processing conditions and environmental factors.  
The currently applied models describing the growth rate or inactivation rate as a function of 
environmental conditions are usually build on a large set of data obtained from experiments with a given 
set of static conditions. Among the secondary models most often considered to describe the effect of the 
temperature are the CTMI [3] and the square root model [4] for growth and the Bigelow model [5] for 
inactivation. However, during non-isothermal processing, the microbial heat response is not only 
determined by the actual temperature but also by the temperature history. Under certain conditions, 
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microorganisms are known to adapt to temperature stress [6]. Especially when the conditions are sub-
lethal, i.e., mild stress, microbial cells can adapt or survive with reduced or arrested growth. This implies 
that the growth dynamics are altered. For instance, recent research showed that E. coli can even grow at 
temperatures normally presumed to be lethal after subjection to a rather slow heating rate [6, 7].  
A heterogeneous heat response was observed by Van Derlinden et al. (2010) when studying the 
microbial evolution of E. coli K12 under dynamic conditions with a linear temperature increase of 1°C h-1 
[6]. A-typical growth curves were observed which consisted of a growth phase, followed by inactivation 
and a second growth phase. These irregular growth and inactivation kinetics were explained by 
considering two subpopulations: a temperature sensitive and temperature resistant one. To describe the 
population dynamics, Van Derlinden et al. (2009) developed a subpopulation-type model [8]. This model 
encloses specific parameters quantifying the inactivation and/or the growth of the two subpopulations. 
In this work, the influence of two different heating rates, i.e., 2°C h-1 and 4°C h-1, on these growth and 
inactivation parameters of both subpopulations is evaluated. This is the first step towards deriving 
relations between the heating rate and the induced heat response which can later on be included in the 
subpopulation-type model to improve the model predictions. 
2. Materials and Methods 
2.1. Experimental set-up 
Experiments are performed in a bioreactor (BioFlo 3000, New Brunswick Scientific, Edison, NJ, 
USA) filled with 3.5l BHI. The dynamic temperature profiles, pH (7.55), agitation speed (400 rpm) and 
aeration rate (2l min-1) are monitored and controlled as in Van Derlinden et al. [6].  
At regular times, cell density was measured by plate counting. Serial dilutions of 100 μl sample in 900 
μl BHI were prepared and the appropriate dilutions were plated on BHI supplemented with 6g l-1 
technical agar nr 3 (Oxoid, Basingstoke, UK) using a spiral plater (Eddy Jet, IUL Instruments s.a.). After 
18-24h of incubation at 37°C, colonies were counted.  
2.2. Mathematical modeling  
The influence of the heating rate on the growth and inactivation dynamics is evaluated, i.e., the growth 
and inactivation parameters of the heterogeneous model [8] are determined as a function of the heating 
rate. Two subpopulations, i.e., a thermo-resistant and a thermo-sensitive subpopulation, are described. 
The cell concentration NS(t) of the sensitive subpopulation is quantified as follows. 
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Herein, NS(t) [ln(CFU ml-1)], is the cell concentration of the sensitive subpopulation, NR(t) [ln(CFU 
ml-1)] is the cell concentration of the resistant subpopulation, Nmax,S and Nmax,R [ln(CFU ml-1)] are the 
maximum cell concentration of the sensitive and the resistant subpopulation, respectively, and Q(t) [-] is 
the physiological state of the inoculum. μmax,S [h-1] is the maximum specific growth rates of the sensitive 
subpopulation, and kmax,S [h-1] is the inactivation rate of the sensitive subpopulation. μmax,R1 and μmax,R2 are 
the maximum growth rates of the resistant subpopulation, with μmax,R1 being the growth rate during the 
first growth phase (T<Tmax) where both sensitive and resistant subpopulation are growing. When the 
sensitive subpopulation starts to inactivate, the resistant subpopulation is expected to grow at a specific 
growth rate μmax,R2. For experiments where the stationary phase is reached, growth can stop at the 
maximum growth temperature, Tmax, and inactivation starts at the inactivation temperature, Tinact. In 
between these temperatures, the obtained stationary phase is modeled as a zero growth rate, as in equation 
(1). When no stationary phase is encountered, Tmax is equal to Tinact.
During growth, the maximum specific growth rate is quantified as a function of temperature by the 
Cardinal Temperature Model with Inflection (CTMI) [3]. 
 
                                                                                                 (3) 
The minimum growth temperature, Tmin [°C], the optimal growth temperature, Topt [°C], where the 
growth rate is given by μopt [h-1], and the maximum growth temperature, Tmax [°C], are the three cardinal 
temperatures. 
The inactivation rate with respect to the temperature is calculated by the Bigelow model [5] 
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with Dref [min], the decimal reduction time at the reference temperature, Tref [°C],  and z [°C], the 
thermal resistance constant, which is the change in temperature required for a tenfold change in Dref.
The evolution of the total cell concentration N(t) [CFU ml-1] is calculated as Ns(t) + NR(t).
Part of the applied kinetic model parameters are obtained from Valdramidis et al. [9] and Van 
Derlinden et al. [6] (see Table 1).
3. Results & Discussion 
In this work, E. coli K12 was exposed to two different heating rates to examine the heat stress 
adaptation under dynamic temperature conditions.  Through mathematical modeling the influence of the 
heating rate on the parameters of the heterogeneous model (Equation 1 & 2) was evaluated. 
3.1. Experimental data 
Via dynamic bioreactor experiments, the microbial growth of Escherichia coli K12 with initial cell 
concentrations of approximately 6, 12 and 18 ln (CFU ml-1) was followed. The applied temperature 
profile consisted of a short constant phase at 42ºC (0.8h) and a linear temperature increase to 65.2ºC at a 
slope of 2 and 4ºC h-1. When reaching 65.2ºC, this temperature is maintained. For several experimental 
conditions, replicates are performed. 
Figure 1 shows microbial evolutions with four subsequent phases. For experiments with a high initial 
cell concentration (i.e., 18 ln(CFU ml-1)), the cells grow until a maximum cell concentration nmax,S is 
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reached. This is followed by a (pseudo-)stationary phase, an inactivation phase and a second stationary 
phase. In this phase, the final cell concentration is around 12 to 16 ln(CFU ml-1). 
 
 
For experiments with initial cell concentrations of 6 and 12 ln(CFU ml-1) the growth curves show a 
maximum which is followed by an immediate decrease of the cell concentration. After the inactivation, a 
second growth phase is visible. Figure 1 shows that the resistant cells are even growing at the maximum 
temperature of 65.2°C. This second growth phase is followed by a second stationary phase. At the end of 
the experiment, i.e., at higher temperatures, the reproducibility decreases considerably. Differences 
between the replicates can most likely be explained by the biological variability of the microorganism. 
3.2. Sensitive subpopulation: defining the parameters describing the first growth and the inactivation 
phase 
In the first step, the parameters describing the first growth phase, the first stationary phase and the 
inactivation phase are estimated independent of the parameters describing the second growth and 
stationary phase. In this part of the microbial evolution, the population dynamics are assumed to be 
dominated by the sensitive subpopulation such that, in the modeling process, the population is treated as 
homogeneous.  The primary model including growth and log-linear inactivation (Equations (1) and (2)), 
and the secondary models, CTMI (Equation (3)) and Bigelow (Equation (4)), are used simultaneously in a 
one-step parameter identification. Together with the three different initial cell concentrations (n(0) § 6, 12 
and 18 ln(CFU mL-1)), in total twelve parameters are estimated. 
The CTMI is an empirical model, but has the advantage to hold parameters with a physical 
interpretation. At Tmin and Topt no heat stress adaptation can occur. Based on this hypothesis, it is assumed 
that these parameters remain unaltered and values were copied from Van Derlinden et al. [10].  The 
resulting CTMI parameters, μopt and Tmax, were identified from the different experiments and the influence 
of the heating rate on these parameters is evaluated (see Table 1). 
 In case of a stationary phase, an attempt was made to estimate the inactivation temperature, Tinact, 
formulated in equation (1), simultaneous with Tmax.  This was not possible with Tinact  as a condition in the 
applied algorithm and therefore the standard deviation on the estimated Tmax was evaluated for different 
Tinact.  Because of the small number of experiments with a cell concentration reaching a stationary phase, 
only a rough estimation of the inactivation temperature is obtained, which is a value of approximately 
51°C (see Table 1). 
Fig. 1. Evolution of E. coli under dynamic temperature conditions with a heating rate of (a) 2°C h-1 and (b) 4°C h-1;  and initial cell 
concentrations of (',ź) 6 ln(CFU ml-1); (佁䢮䢢佀䢮䢢佊䢮䢢佋) 12 ln(CFU ml-1) and  (ż) 18 ln(CFU ml-1). (__) shows the temperature profile. 
Data of the heating rate of 4°C h-1 are adapted from Cornet et al. (2010) [6] 
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Table 1. Model parameters used for the heterogeneous modeling (Figure 2), and their associated standard deviations (SD) 
Sensitive subpopulation Resistant subpopulation 
Parameter Value SD Parameter Value SD 
Tmin,S (a)[qC] 9.144 2.251 10-1 Tmin,R (a)[qC] 9.144 2.251 10-1 
Topt,S (a)[qC] 39.58 2.793 10-1 Topt,R (a)[qC] 39.58 2.793 10-1 
Tmax,S (c)[qC] (2°C/h) 46.05 2.511 10-1 Tmax,R(c)[qC] (2°C/h) 64.75  1.043 100 
tS [h] (2°C/h) 2.825 1.250 10-1    
Tmax,S (c)[qC] (4°C/h) 49.45 5.132 10-1 Tmax,R(c)[qC] (4°C/h) 71.46  5.944 10-1 
tS [h] (4°C/h) 2.521 3.248 10-6    
μopt,S (a)[h-1] 2.094 4.011 10-2 μopt,R1 (a)[h-1] (t  ts) 2.094 4.011 10-2 
nmax,S(a)[ln(CFU ml-1)] 22.55     - μopt,R2 (a)[h-1] (t > ts) 8.670 10-1 6.219 10-2 
Tref (b)[qC] 56.29     -    
Dref(c)[min] 9.626 1.211 100 Tinact(c)[qC] 51 - 
z(c)[°C] 9.871 9.320 10-1    
(a) Van Derlinden et al. [6] 
(b) Valdramidis et al. [9] 
(c) This article 
 
When temperatures are above the maximum growth temperature, growth most likely stops. Based on 
this assumption, the parameter Tmax can be derived from the experimental data as the temperature at which 
no increase in cell count is observed. Simultaneous estimation of the two parameters μopt,S and Tmax,S for 
each heating rate, shows that μopt,S is not depending on the temperature and can be taken as a constant 
value for all the experiments. The obtained value for μopt,S approximated the value of 2.094 h-1, obtained 
by Van Derlinden et al. [10] ( see Table 1). 
Table 1 also shows that the Tmax,S is higher at the higher heating rate. For the sensitive subpopulation, 
the maximum growth temperature seems to be the only parameter that is influenced by the heating rate, 
with an increasing Tmax,S with increasing heating rate. This is maybe unexpected, because cells having a 
higher Tmax are considered to be more thermo-resistant. When the ts, i.e., the start of the inactivation 
phase, is calculated by the formula ts=(Tmax-42)/'T't+0.8 with 'T't, the heating rate, ts is shorter, i.e., 
the inactivation starts earlier when subjected to higher temperature slopes. A possible explanation for the 
higher Tmax is that the time needed by the cells to react to the heat stress by inactivating is slower than the 
heating rate. 
The parameters of the inactivation phase are not significantly different for the two heating rates under 
study. A value of the inactivation parameters obtained from all the data together, i.e., data from all the 
experiments with the two different heating rates and the initial cell concentration together, is given in 
Table 1. In literature, the influence of the heating rate on heat stress adaptation is studied thoroughly by 
evaluating the effect on the inactivation kinetics. Generally, it is declared that the higher the heating rate, 
the shorter the shoulder or the bigger the inactivation rate [11-15], but in all these papers, the heating rate 
is significantly higher than the heating rates applied in this paper. This difference in applied heating rates 
is a possible explanation for the different results. However, also the approach taken in this work is 
different. To our knowledge, this is the first time that the influence of the heating rate on the inactivation 
parameters was measured after a temperature history in dynamic temperature conditions during growth. 
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3.3. Heterogeneous modeling of the sensitive and the resistant subpopulation 
In the second step, the parameters of the phases assigned to the resistant subpopulation, are estimated. 
The obtained parameters during the previous step in the modeling process, Tmax, Dref and z,  and the 
parameters of the paper of Van Derlinden et al. [6] and Valdramidis et al. [9] are applied (see Table 1). 
Evaluation of the μopt,R1, the first part of the resistant growth curve, and μopt,R2, the second part, produce 
parameter values  as applied in the heterogeneous modelling by Van Derlinden et al. [6]. Figure 2 shows a 
rather good agreement between the simulation and the experimental results. For more conclusions on the 
resistant subpopulation, more data are needed. 
Fig. 2. Experimental data fitted with the heterogeneous model (Equations (1), (2), (3) and (4)). The applied heating rates are for 
(a) 2°C h-1, and (b) 4°C h-1;  and the initial cell concentrations of (Ÿ,) 6 ln(CFU ml-1); (䢢佀䢮䢢佊䢮䢢佋) 12 ln(CFU ml-1) and  (ż) 18 
ln(CFU ml-1). The simulated cell concentration of the whole population (×), the sensitive subpopulation (--) and the resistant 
subpopulation (--) are indicated. (__) shows the temperature profile  
 
4. Conclusions 
Previously, disturbed dynamics of Escherichia coli at conditions close to the maximum growth 
temperature were explained by evolution of cells in two possible ways, i.e., cells are more resistant or 
acquire more resistance and divide, or cells are inactivated as a response to the high temperatures. Based 
on this hypothesis, the microbial population can be divided in a sensitive subpopulation and a resistant 
subpopulation [1]. 
In this paper, the influence of the heating rate on the behavior of both subpopulations, when subjected 
to dynamic temperature profiles of 2 and 4°C h-1 surpassing the expected maximum growth temperature, 
has been studied.  
Again irregular growth curves are observed for which the first growth phase, the first stationary phase 
and the inactivation phase are assigned to the sensitive subpopulation, and the second growth phase and 
stationary phase to the resistant subpopulation. 
Through heterogeneous modeling, the influence of the heating rate on the growth and inactivation 
parameters of the sensitive and resistant subpopulation is evaluated. In the conditions under study, the 
heating rate had no influence on the earlier estimated optimal growth rates, μopt, of the CTMI model for 
the sensitive and resistant subpopulations [6]. Also the inactivation rate of the sensitive subpopulation 
was unaffected. The maximum temperature of growth for the sensitive subpopulation was increased for 
the higher heating rate. A possible explanation is that the mechanism to start cell inactivation is too slow 
to follow the higher heating rates.  
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For all experiments, the resistant subpopulation grows until a final cell concentration between 12 and 
15 ln(CFU ml-1) or is still growing at the final temperature of 65.2°C. 
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